It has been suggested that maximum sustained metabolic rate (SusMR) in mammals as reached, for instance, during lactation, is due to a limited capacity for heat dissipation. Here, we experimentally tested whether heat dissipation limitation (HDL) also constrains energy turnover in lactating European hares. Experimentally, we made use of the fact that hares nurse their young only once per day, which allowed us to keep females and young either at the same or at different ambient temperatures. During the last lactation week (week 4) females kept at thermoneutrality (22°C), irrespective of the cold load of their young, had significantly lower rates of metabolisable energy intake (MEI) than cold-exposed mothers (5°C), as predicted by the HDL hypothesis. However, in week 2 of lactation females at thermoneutrality rearing cold-exposed young were able to increase MEI to levels indistinguishable from those of cold-exposed females. Thus, even at thermoneutral temperature females reached maximum rates of energy turnover, which was inconsistent with the HDL hypothesis. We conclude that SusMR in lactating European hares typically results not from physiological constraints but from an active restriction of their energy turnover in order to maximise lifetime reproductive success.
INTRODUCTION
Mammals frequently encounter upper limits to sustained energy turnover (sustained metabolic rate, SusMR) which are reached during prolonged periods of cold exposure, high long-term physical activity or lactation. Explanations for these limits fall into two major categories. The first concept suggests that life history explains the upper levels of energy turnover selected (Williams, 1966; Drent and Daan, 1980; ). According to this idea, SusMR is determined by variable, reproductive life-history tactics, and mammals might actively cap the upper level of energy turnover (possibly well below physiologically feasible levels) to maximise lifetime reproductive success (Drent and Daan, 1982 ) (see also Speakman and Krol, 2005) . The other framework available to explain SusMR suggests anatomically or physiologically imposed constraints. Such boundaries could be the extent of the gastrointestinal tract, or the capacity of energy-expending organs such as skeletal muscles or mammary glands when operating at peak metabolic rates (reviewed in Speakman, 2008; Speakman and Krol, 2005) .
With regard to this physiological constraint concept, many studies over the last two decades have attempted to identify the proximate factor(s) which determines the upper limits of energy budgets in lactating laboratory mice (e.g. Hammond and Diamond, 1992; Koteja, 1996; Johnson et al., 2001a; Johnson et al., 2001b; Johnson et al., 2001c; Speakman et al., 2001; Krol and Speakman, 2003a; Krol and Speakman, 2003b; Krol et al., 2007) . Originally, the debate focused on whether SusMR is limited 'centrally', by the capacity of nutrient-processing, visceral organs like intestines, liver and kidneys (Weiner, 1992; Koteja, 1996) , or 'peripherally', by the capacity of energy-expending organs such as skeletal muscles or mammary glands (Hammond and Diamond, 1994; Hammond et al., 1996; Hammond and Kristan, 2000; Johnson et al., 2001a; Johnson et al., 2001b; Johnson et al., 2001c; Speakman et al., 2001 ). More recently, Krol and Speakman (Krol and Speakman, 2003a; Krol and Speakman, 2003b ) (see also Krol et al., 2003; Krol et al., 2007) found convincing evidence for the so-called 'heat dissipation limitation (HDL) hypothesis', as they observed that mice raising offspring at thermoneutrality were apparently limited by the capacity to dissipate heat under peak metabolic demands. There are two possible mechanisms by which heat dissipation could be limiting for lactating females (Speakman, 2008) . Firstly, high metabolic rate might lead to elevated body temperature and impaired milk flow. Alternatively, to increase thermal conductance via vasodilatation, blood flow might be directed away from the mammary glands, thereby decreasing milk production. Secondly, lactating females might terminate suckling events earlier if they are confronted with hyperthermia and, thus, pups raised under thermoneutral conditions might grow considerably slower (Krol et al., 2007; Speakman, 2008) . By breeding laboratory mice at 21°C (i.e. moderate cold exposure) but dorsally shaving them to increase rates of heat loss, Krol and colleagues (Krol et al., 2007) demonstrated that shaved mice showed in fact a significantly enhanced reproductive performance. These results confirm, and functionally explain, earlier observations that milk yield is reduced in domesticated livestock when ambient temperatures are high (Forbes, 2007) . These findings include data on lagomorphs. For instance, Marai and colleagues (Marai et al., 2001) showed that domesticated rabbits have impaired reproductive performance under hot weather conditions in Egypt. Essentially, the HDL hypothesis is a central limitation concept, but it is related to the thermoregulatory capacity of an animal instead of its ability to absorb nutrients (Speakman, 2008) .
Most previous studies on SusMR during peak lactation have used small rodents, such as laboratory mice, as animal models. Laboratory mice efficiently raise large litters and give birth to very fast-growing offspring. It is easy to envisage that heat dissipation is a problem for small rodents like mice. Firstly, they have high mass-specific metabolic rates and produce massive amounts of new tissue during pregnancy (relative to their body mass), which requires a proportional increase in metabolism. Secondly, they typically face small body to environmental temperature gradients under which they routinely raise young in laboratory environments. These problems may not be as relevant for other mammals. Here, we tested whether heat dissipation also imposes a limit for a medium-sized mammal, the European hare (Lepus europaeus, Pallas).
European hares raise relatively few (litter size 1-5) but highly precocial young which are fully furred at birth with their eyes open and are capable of thermoregulation from their day of birth (Zörner, 1996) . Hares lack protective burrows and, in contrast to rodents, nurse their offspring only once a day for a few minutes (Broekhuizen and Maaskamp, 1982 ). Yet, they start taking up solid food only at the end of the second week of lactation and solely depend on maternal milk early in life (Hackländer et al., 2002a; . From previous studies we knew that energy intake and milk transfer levels off with increasing litter size, and that most females reach SusMR at a litter size of 3 young during weeks 3-4 of lactation (Hackländer et al., 2002b; ). Because of the once per day suckling period it is possible to accurately and directly assess daily milk transfer to the juveniles (by weighing them before and after suckling). In addition, hares allow manipulation of the female's thermoregulatory demands independently from their young. This can be achieved by keeping females and offspring separate for most of the time either at thermoneutrality or in the cold.
We hypothesised that, if heat dissipation was limiting, mothers kept at thermoneutrality should be unable to match any increased demand of cold-exposed pups, while cold-exposed mothers would be able to increase energy intake and milk output. If, alternatively, females exposed to thermoneutral conditions with their juveniles kept in cold conditions increased rates of energy assimilation, we would reject the hypothesis that heat dissipation is limiting for hares. Further, if females were unable to increase energy assimilation when exposed to cold, we would attribute this to a central limitation caused by the animals' maximal capacity to absorb nutrients. Finally, the peripheral limitation hypothesis would be supported if cold-exposed females increased their energy intake rates but at the same time could not provide their young with more milk. In the present study we therefore quantified sustained energy intake (SusEI) and the amount of milk transferred to the pups in lactating hares raising size-manipulated litters of three juveniles each under different temperature conditions: two groups of females were kept either at 5°C or at thermoneutrality (22°C), while juveniles of both groups were cold exposed (5°C). In a third control group, both females and young were maintained at thermoneutrality.
MATERIALS AND METHODS

Animals and housing
All experiments described here comply with the current laws in Austria, where the experiments were performed. European hares were born and kept in our outbred breeding colony at the Research Institute of Wildlife Ecology, University of Veterinary Medicine Vienna, Austria (48°14ЈN, 16°20ЈE). Hares were housed individually in cages as outlined elsewhere (Hackländer et al., 2002a; Hackländer et al., 2002b) . As in the wild (Broekhuizen and Maaskamp, 1980) , females were kept separately from their young except for a short nursing period in the morning (08:00-09:00h). All females and their young were provided with water and food ad libitum. Animals were fed standard hare pellets (Raiffeisen, Salzburg, Austria) produced to match the mean chemical composition of stomach contents from free-ranging hares (Brüll, 1976; Onderscheka and Tataruch, 1982) . The mean gross energy content of the hare diet over the whole study period was 16.7±0.02kJg -1 (dry mass) with 16.6±0.05% protein, 70.7±0.09% fibre and 3.0±0.06% fat.
Data were sampled between 2004 and 2008. All experimental animals were aged between 1 and 5 years and were in good health and condition. Hares were exposed to natural photoperiod in all three experimental groups. Females were paired with males for 2 days three times per year, i.e. in February-March (spring), May-June (summer) and late July-August (autumn) as outlined previously ). All litters were size manipulated to match a constant litter size of three young to keep energy demands for all females equally high. As outlined before we did not fully cross-foster litters but mostly added one pup from another female which was then left without pups until the next mating. To allow litter size manipulations, all matings took place synchronously. Litter sizes were manipulated immediately after birth of the young (within 26h). All females readily accepted and nursed additional young and thus had similar energy demands throughout the entire lactation period.
Females and their offspring were assigned to three experimental groups. Group WW consisted of females and their offspring continuously kept at 22±2°C over the study period. This temperature range matches well the thermoneutral zone of European hares (18-25°C) (Hackländer et al., 2002a; ). All animals (mothers and offspring) assigned to group CC were transferred to a climate chamber on the day after parturition and were maintained there at 5±2°C throughout lactation until weaning. In the third experimental group, WC, mothers were kept at room temperature whereas juveniles were maintained at 5±2°C in the climate chamber except for the short daily nursing period during which young were transferred to their mother's cage. In all groups, juveniles of one litter were kept together in one cage.
Measurement of energy intake and milk output
Body mass of all animals was determined weekly to the nearest 1g (Sartorius, Göttingen, Germany). Food intake was determined during bi-weekly feeding trials (over 3 and 4day intervals) by weighing offered and uneaten food of all females. Food items spilled from the racks were dried in a drying oven (Heraeus, Hanau, Germany), weighed and subtracted from food consumption. To minimise effects of changes in humidity on food mass, food pellets were stored next to the cages prior to their usage.
Total faeces produced by the females were also collected biweekly over 3 and 4day intervals, dried at 60°C in a drying oven (Heraeus) for 48h and then weighed to the nearest 0.1g (Ohaus, Giessen, Germany). Gross energy content of faeces was determined by near-infrared spectroscopy (NIRS) as outlined in detail previously ). The following parameters were determined: dry matter, protein, fat, ash, acid detergent fibre (ADF) and lignin. For calibration of the NIRS analysis, 80 samples were chemically analysed using standardised methods for crude protein, crude fat, crude ash and dry matter (Nehring, 1960) . ADF and lignin were determined by van Soest detergent analyses (Otzelberger, 1983) . The NIR calibration results were evaluated by cross-validation. Coefficients of determination for fat, protein, ash, lignin and dry matter were 0. 93, 0.93, 0.83, 0.87, 0.87 and 0.96, respectively. Milk intake of young was measured daily by weighing the juveniles before and after the 1h suckling period to the nearest 1g (Sartorius). Milk output (MO) of mothers (gday -1 ) is given as the sum of milk intake from all 3 juveniles per kg body mass of mothers. Initial trials showed that mass loss during the nursing period due to faecal and urinary losses in juveniles was negligible (<2g per juvenile) compared with milk intake (~60g) (T.G.V., unpublished data). Therefore, faecal and urinary losses during these periods were not determined. During suckling, juveniles had no access to other food sources. Otherwise, all juveniles had ad libitum access to high-fat pellets, the composition of which is given previously . Food intake of each litter was determined at weekly intervals, using the same methods as for adult females.
The energy content of solid food and faeces was calculated using values given elsewhere (Livesey, 1984; Livesey and Marinos, 1988) . Thus, the gross energy content of protein, fat and fibre/nitrogen-free extract was 23.3kJg
-1 , 39.6kJg -1 and 17.5kJg -1 , respectively. Gross energy intake (GEI) was computed from the amount of food consumed per day multiplied by its energy content. Metabolisable energy intake (MEI) was calculated by (i) correcting GEI for urinary energy losses due to nitrogen excretion by using a metabolisable protein energy content of 19.3kJg -1 (Livesey, 1984) and (ii) computing the difference between this corrected, utilisable GEI and the energy content of the daily amount of faeces excreted. Assimilation efficiency (AE) was computed as MEI as a percentage of GEI. To allow comparison with published data from other species, multiples of mass-specific resting metabolic rate (RMR) were computed by dividing both mass-specific GEI and mass-specific MEI by 172.3kJkg -1 day -1 , the RMR of non-reproducing hares at thermoneutrality (20°C) measured for ≥4h with open-flow respirometry (Hackländer et al., 2002a) .
As obtaining milk samples requires anaesthetising females, which may affect lactational performance, we did not milk hares in this study. Thus, milk energy output (MEO) was only estimated by multiplying milk intake of young (gday -1 ) by an average milk energy content of 12.62kJg -1 during mid-lactation as obtained previously. Details on the determination of milk energy content are given elsewhere .
Statistical analyses
Data analysis was restricted to a total of 23 mothers and their 29 litters (N12, 8 and 9 for the groups WW, CC and WC, respectively) which weaned three young after 4 weeks (28days) of lactation. The mean age of females in these groups was 2.23±0.17, 2.10±0.12 and 2.77±0.49 years in groups WW, CC and WC, respectively. Since energy assimilation tended to decrease with age (see Results), age (in years) was included in all statistical tests to adjust for slight differences in the age composition of groups. All statistical analyses were computed in R version 2.9.0 (R Development Core Team, 2008) . MEI, AE and milk transfer in females, as well as growth of young (mass from birth to weaning) and solid food intake of litters were analysed with a repeated measures design, as data from within and partly between separate lactation periods were sampled from the same animals. Therefore, we fitted linear mixed effect models with separate intercepts for each female included as the random T. G. Valencak, K. Hackländer and T. Ruf factor, using function lme from the R package nlme (http://cran.rproject.org/web/packages).
Fixed effects in full multiple regression models were always treatment (WW, CC, WC), time interval (bi-weekly intervals 1-8), body mass and female age (1-3 years). As most variables changed in a non-linear manner over the lactation period (e.g. Fig.1 ), lactation interval was treated as a factor, rather than a continuous variable. Since season is known to affect lactation energetics in hares, with higher levels of food intake and MEI in autumn compared with those in spring and summer , we initially included season as an additional fixed factor in all models. However, our current data set contained only two lactation periods from autumn, and thus season had no detectable effect on MEI (P>0.38) and was removed from final models. In repeated measurement models testing for differences in juvenile growth, we used 'litter ID' as the random factor. Solid food intake of juveniles (determined for entire litters only) was compared between treatment groups using simple linear (lm) models, using the sum of food consumed over all 4 lactation weeks.
ANOVAs were computed using marginal (Type III) sums of squares. Residuals from all models were normally distributed and showed no evidence for heterogeneity of variances. To test for specific differences between treatments, we used Tukey-type post hoc comparisons (R-package multcomp) (Hothorn et al., 2008) . These comparisons are based on z and t statistics for lme and lm models, respectively, which are given in the text.
Body mass slightly differed between experimental groups (3.578±0.054, 3.438±0.034, 3.763±0.051kg, for groups WW, CC and WC, respectively). In the text and the figures, we give massspecific data. However, in all statistical analyses possible effects of body mass differences were eliminated by entering body mass as a fixed covariate. All data are presented as means ± s.e.m.
RESULTS
Energy intake in experimental groups
MEI increased with body mass (F 1,184 10.74; P0.0013) but slightly decreased with increasing age of the mothers (by 43.3kJkg Among females in groups WW and CC, peak rates of MEI were observed during week 4 of lactation (intervals 7 and 8) but during week 2 (intervals 3 and 4) in group WC (Fig.1, Table1) . Thus, at the onset of lactation (intervals 1-3), MEI was significantly higher in the WC group than in the two other groups (z2.96; P0.009; Table1). After week 2, MEI decreased in group WC, with the difference from week 2 becoming significant in week 4 (z-2.583; P0.048).
Therefore, statistical differences between groups depended on the time period considered. Only in the last week (week 4) of lactation was MEI significantly higher in group CC than in both of the other groups (z≥2.58; P≤0.026). Comparing the data for the second half of lactation (weeks 3-4) we found that MEI was statistically different only between groups CC and WW (z2.50; P0.033), but was indistinguishable between groups CC and WC (z1.905; P0.137) as well as between groups WW and WC (z0.435; P0.901). The same was true for the comparison of lactation during weeks 2-4. Importantly, the maximum rate of MEI (reached in weeks 4, 4 and 2 in groups WW, CC and WC, respectively) differed between the experimental groups (ANOVA: F 2,34 10.3; P0.0003; Fig.2 Higher rates of MEI in groups CC and WC were caused not only by increased rates of energy intake (GEI) but also by increased energy AE (Table1). Mean AE differed between experimental groups (F 2,186 6.7; P0.0012) and was highest in group WC (Table1). For this variable, only the difference between groups WC and WW was statistically significant (z3.81, P<0.001). AE was unaffected by body mass and age and remained constant over the entire lactation period (F 7,186 0.7; P0.7).
In all experimental groups body mass slightly increased over the lactation period, on average by 4.2% (F 7,186 5.6872, P<0.0001).
Milk output
Daily MO differed significantly between experimental groups (F 2,185 20.74; P<0.0001; Fig.3 ). MO was higher in both group WC and group CC compared with group WW (z≥5.54; P<0.0001) but was indistinguishable between groups WC and CC (z1.18; P0.46; Fig.3B ). As expected, MO was strongly affected by lactation interval (F 7,185 34.25; P<0.0001; Fig.3A ) and also by body mass (F 1,185 9.03; P0.003). Also, MO slightly decreased with the female's age (F 1,185 8.01; P0.005).
Interestingly, at the onset of lactation (intervals 1-3, Fig.3A ) MO in females of the WC group was significantly higher than that in both group WW (z4.49, P<0.001) and group CC (z2.47; P0.036).
Juvenile growth and solid food intake
Mean solid food intake of young differed between groups (F 1,27 11.5; P0.002; Fig.4 ). Food intake in group CC was somewhat higher than that in group WW (t2.48; P0.050), and in Our study shows that exposure of lactating hares to temperature conditions of 5°C led to a massive increase in GEI, MEI and milk transfer to young (Figs2 and 3) . If we had restricted our measurements to the last (4th) week of lactation only, they would seem to support the HDL hypothesis. At that time, MEI in the two groups of warm-exposed females (WW and WC) was indistinguishable and significantly lower than that in cold-exposed females. This outcome would have been predicted by the HDL hypothesis, indicating that females of group WC were unable to increase their MEI further because of the associated heat generation. However, females of group WC, despite being kept at thermoneutrality, were in fact able to reach higher rates of MEI, although earlier than expected, with a peak occurring in week 2 of lactation. The fact that this maximum rate of MEI was statistically indistinguishable from that in CC females (but significantly higher than that in group WW) demonstrates that rates of heat dissipation apparently did not set the limit. This conclusion also holds if lactation weeks 2-4 (or only weeks 3-4) are considered, during which MEI in group WC was intermediate, but not significantly lower than that in group CC. However, since MEI in group WC was also not statistically distinguishable from that in group WW, pooled data from this second half of lactation (weeks 3-4) are inconclusive. Still, the absolute maxima of MEI reached in each group suggest that, as long as increased MEI indicates increased heat production, females in group WC were apparently physiologically capable of dissipating as much heat as cold-exposed (CC) females (Fig.1) . Thus, while heat load seems to be a crucial factor determining lactational performance in laboratory MF1 mice (Krol and Speakman, 2003a; Krol and Speakman, 2003b; Krol et al., 2003; Speakman and Krol, 2005; Krol et al., 2007) , rats (Croskerry et al., 1978) and hamsters (Scribner and Wynne-Edwards, 1994) , and also in livestock animals (Forbes, 2007) , we have to conclude that this physiological constraint was not decisive for European hares in our study.
The early peak of MEI in group WC was probably caused by the unnatural experimental conditions of keeping females and young at different ambient temperatures. It seems that WC females initially responded to the high energy demands of their coldexposed young by rapidly increasing MEI and milk transfer (Figs1  and 3) . We know that hares, like other mammals, respond to raised energy requirements, e.g. during lactation, by increasing the size and capacity of the gastrointestinal tract (T.G.V., unpublished data) (Hammond and Diamond, 1994) . Arguably, WC females with low own costs for thermoregulation could allocate more energy to elevate digestive capacity than CC females, which is supported by the observation that they had significantly increased rates of AE (Table1). This explains why WC females reached maximum energy turnover when milk transfer was not yet at its maximum. The heat limitation hypothesis states that the limits to SusEI are imposed by the capacity of the animal to dissipate body heat generated as a by-product of processing food and producing milk (Krol et al., 2007) . Our experimental conditions apparently created a situation where the early peak SusEI in WC females was caused to a relatively large degree by an up-regulated function of alimentary organs and the processing of food, whilst they reached maximum milk production only in week 4 of lactation. We see, however, no reason to assume that MEI allocated to milk synthesis should generate more heat than energy used for nutrient digestion and assimilation, maintenance or tissue growth. Thus, as long as peak MEI in all groups was associated with approximately the same amount of heat production, these results clearly challenge the hypothesis that heat dissipation plays a limiting role in this species, irrespective of the temporal patterns of MEI.
This last statement includes a caveat to this conclusion, however. It rests on the assumption that peak MEI in all experimental groups directly reflected heat production. This is strictly true only in the absence of energy retention, i.e. deposition of fat or glycogen stores. Theoretically, the earlier peak of MEI in females in group WC could have been associated with deposition of energy stores and, hence, lower heat production. There are, however, several lines of evidence which render this scenario very unlikely. Firstly, using a fatty acid marker, we have previously shown that hares slightly increase milk fat content by depleting body fat stores during lactation (without notable effects on body mass) ). Thus, lactating hares typically release stored body energy rather than retain it. Secondly, at peak MEI in week 2 of lactation, females in group WC had already reached 85% of their final MO in weeks 3-4, indicating a very high energetic burden. Thirdly, and most importantly, the elevation of MEI in group WC females above that of group WW during the first 2 weeks of lactation (+60%) was paralleled by a similar increase of MO (+51%, Figs1 and 3), indicating that energy from food was indeed largely transferred to milk. Together, this evidence argues against significant energy retention and suggests that MEI reflected heat production at all times. This leaves the rejection of a limiting role of heat dissipation in European hares the most parsimonious interpretation of our results.
Is energy turnover determined by pup demand?
Pup demand, i.e. differences in suckling frequency and/or duration, should be a powerful mechanism by which females sense the energy requirement conditions, and the demand of young may well explain several of the differences in the time course of MEI between our experimental groups, especially during early lactation (Fig.1) . Arguably, however, later in lactation, particularly around peak lactation, the system is no longer driven by pup demand alone. As demonstrated by Hackländer and colleagues (Hackländer et al, 2002a) , neither MEI nor MO rise further but level off as litter size exceeds 2 juveniles. Thus, SusMR and MO are capped despite increasing pup demand.
In our current experiment, juveniles in group WC grew at a faster rate and had significantly higher rates of solid food intake. This higher proportion of juvenile energy intake gained from solid food may explain why females in group WC were able to significantly reduce MEI in the second half of lactation (Fig.1 ). This reduction of MEI underlines the finding that peak energy turnover was apparently not simply governed by pup demand. This finding probably represents another case of active limitation of energy turnover by females, at a time when juveniles have grown out of the most critical, thermoregulatory demanding early period (Hackländer et al., 2002a) . In this context, it is interesting that despite the decline of MEI in WC females, their MO further increased up to week 4 of lactation. This suggests that females may down-regulate energy transfer to their young by decreasing milk energy content, rather than its volume. Note that, generally, MEI and MO in our experiment showed only a moderate correlation (R0.61), which is suggestive of changes in milk quality. We have previously shown that this type of down-regulation of milk energy content occurs on a seasonal basis in European hares ). This mechanism may be particularly effective in species, such as hares, that nurse their young only once a day. However, it is clear that measurements of milk quality over the lactation period would be required to confirm this method of limiting reproductive investment.
Is energy turnover constrained by physiological limits at all?
If neither heat dissipation nor pup demand explains maximum rates of energy expenditure in European hares, further, possibly limiting factors should be considered. Our results do not, however, support the central limitation hypothesis, because females of both group WC and group CC were capable of assimilating substantially more energy when energetically challenged. Cold-exposed females in this study reached MEIs corresponding to 7.3 times RMR at peak lactation whereas in females at room temperature only rates of 6 times RMR were observed. Thus, at least for females and young living under thermoneutral conditions, gut capacity did not set the limit. Equally, we did not find any evidence that hares might have been peripherally limited. Mothers of cold-exposed young provided their offspring with more milk throughout lactation, indicating that females of the control group (WW) were not limited by the capacity of their mammary glands. Thus, although females in our study reached peak energy expenditure, relative to their RMR, that was very similar to the levels of SusMR in other mammals (e.g. Hammond and Diamond, 1997) , our results give no evidence that lactating females of any experimental group ever encountered an actual physiological limitation.
Responses of juveniles
Surprisingly, the large thermoregulatory burden to cold-exposed juveniles did not affect growth of young (see also . We attribute this observation to compensatory solid food intake by cold-exposed juveniles from their second week of life onwards (Fig.4) . In free-living juveniles, however, such compensation could not be achieved without consequences. High energy demands early in life would probably cause increased predation risk because of increased rates of foraging and hence conspicuousness of juveniles. In addition, young would have to find solid food of the nutritional quality of milk. Also, differences in milk intake may well affect qualities of the offspring, e.g. immune function, that do not translate into differences in growth rate.
Recently, Zhao and Cao (Zhao and Cao, 2009) reported the lack of differences in MEI translating into growth of young, similar to our results. Their study repeated an experiment by Krol and colleagues (Krol et al., 2007) testing the effects of shaving mothers at the onset of lactation, but in Swiss instead of MF1 mice. Zhao and Cao (Zhao and Cao, 2009) found that shaving led to a significantly increased MEI of mothers but, unexpectedly, it did not affect the growth of pups. These results differ from those of Krol and colleagues (Krol et al., 2007) and also from observations in livestock, for which high ambient temperatures are known to impair growth rates of e.g. piglets and calves (Forbes, 2007) . Clearly these differences demand further experiments on different species and strains to find out more about the consequences of differences in energy intake of mothers on their offspring.
Synopsis -the role of life histories
Our results indicate that the capacity for heat dissipation was not limiting for European hares during lactation. Thus, rates of heat dissipation may clearly be limiting for certain species and environments, but not for mammals in general. Also, the present and previous experiments on European hares gave no evidence for central or peripheral limitation of SusMR during peak lactation ). These observations reinforce our view ) that female hares may routinely restrict their energy turnover and investment to their current offspring in order to maximise lifetime reproductive success (e.g. Williams, 1966; Drent and Daan, 1980) . Thus, they may approach peak energy turnover only if the reproductive value of the offspring is particularly high (Stearns, 1989 ) and seek to avoid reaching SusMR as this might invoke both direct and indirect costs (reviewed in Speakman, 2008) .
This still leaves the question of why European hares apparently actively avoid reaching maximal rates of energy turnover, while a purely physiological limitation, namely by maximum heat dissipation, can clearly be found in some other mammals. We suggest that key factors for understanding these apparently conflicting results are differences in the (either natural or artificial) selection for maximum reproductive effort between species. Small mammals, such as mice, are typically selected for early onset of reproduction, large litter size and high effort during each reproductive event. This is primarily a consequence of high predation risk and low survival rates because of their small size, which drives them to the 'fast' end of the 'fast-slow' continuum of life histories (Gaillard et al., 1989; Promislow and Harvey, 1990; Oli, 2004) . Consequently, mammals such as mice and voles can be expected to routinely approach the physiologically possible limit of energy turnover, which indeed seems to be set by heat dissipation (Krol and Speakman, 2003a; Krol and Speakman, 2003b; Krol et al., 2007; Wu et al., 2009 ). Medium-sized mammals such as hares (or larger wild animals) have a much higher life expectancy, and will be selected for a 'prudent parent' strategy (Drent and Daan, 1980) which limits investment in the current litter in favour of future reproduction. In line with this, European hares restrict investment in litters born late in the season, which have lower reproductive value, as discussed previously . Therefore, in outbred strains of these species, such as our colony of European hares, it may well be impossible to create environmental conditions in which lactating females actually approach physiologically possible rates of SusMR. Arguably, the only way to overcome genetically determined mechanisms that limit energy allocation during reproduction, specifically maximum energy allocation to the current litter, is artificial selection. One product of artificial selection for high reproductive performance is laboratory mice, which have more than twice the average litter size of wild-type house mice, even at higher birth mass (e.g. Meikle and Drickamer, 1986) . This may also explain why effects of heat dissipation limits are more pronounced in laboratory mice (Krol and Speakman, 2003a; Krol and Speakman, 2003b; Krol et al., 2007) than in similar-sized but outbred Brandt's voles where differences in MEI were smaller and occurred only at large litter sizes (Wu et al., 2009) . Further, there is little doubt that selection for high reproductive output was one of the aims and consequences of domestication of livestock animals. In dairy cows, for instance, selection for maximum milk output has created strains that invest substantial amounts of body energy reserves in the current calf, leading to delayed subsequent pregnancy (Forbes, 2007; Rauw, 2009) . Not surprisingly then, heat dissipation limits are also detectable in domesticated livestock animals, despite their large size (Forbes, 2007) . As yet there is no evidence, however, that SusMR is also limited by heat dissipation, or any other physiological constraint, in wild, free-living ancestral species of these livestock animals.
Thus, it seems that differences in either natural or artificial selection for or against high investment in reproduction per unit time explain much of the observed variation between species concerning their susceptibility to encountering physiological limits. However, our current knowledge on these differences is restricted to experimental evidence from very few mammals. Clearly, more studies on other species, with a focus on outbred populations, or ideally on free-living animals without food supply constraints, are needed to clarify the role of physiological limits for reproductive success of animals. 
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